The two -channel QMF filter bank based on allpass sections is one of the best known circuits for building up a multi -channel filter bank for signal compression. An analysis -synthesis combination can satisfy two of the three PR conditions. The third, phase condition, can be met to any desired accuracy. In this contribution, we consider the development of explicit formulae for the coefficients of such filters. The resulting QMF designs can be used in a wavelet structure for image compression problems using separable filters or Ansari and Lau's method. Several design examples are given including a comparison of performance with FIR filter banks for such problems.
Introduction
The two-channel allpass-based QMF bank is shown in Figure 1 . It consi sts of two analysis and two synthesis allpass filters. Each allpass filter has a phase function of the following form, 
Main principles
Eqn.(1) can be arranged so that we have the following expression ( ) ( ) ( 4) is used to find a set of coefficients { } n a then those coefficients will yield a good approximation. We may alternatively have equated the denominators or a complex combination of both numerator and denominator.
Various design strategies are possible using eqn. ( 4) . In this paper we derive the coefficients with 
Phase function specification
The usefulness of eqn. (5) depends on the availability of a suitable phase function. In the paper by Lu et al [2] , it was suggested that the ideal phase responses for the upper and lower branches should be linear but splitting in the transition band in such a way that there i s a phase difference of π in the stopband. Moreover the phase of the highest order branch should be 2 / π below the average phase whilst that of the other branch should be 2 / π above. We can define a piecewise function for the upper(lower) branch as follows,
where k is the phase slope or the group delay in the pass and stopbands.
In this contribution, various simplifications are used in order to show the technique clearly but they are not ne cessary for the technique to work. The branch orders differ only by the delay in the lower branch. Also 
Explicit formulae
Using eqn. (5) with the phase definition from eqn.(6) gives, after some algebraic manipulation, the following explicit result:
The coefficients of the lower branch can be found in a similar way from the following integration,
noting that the ideal phase uses the lower signs in eqn.(6).
Because of all the various assumptions discussed in the previous section, it turns out that The analysis of the QMF filters was carried out and the phase and magnitude are shown in Figures 2  and 3 . It can be seen that the overall phase has high linearity.
Design Example II
The lowpass/highpass pair can now be used iteratively in a wavelet decomposition in 1-D or 2-D. In this example we look at the 2 -D problem. Figures 4 and 5 show the structure for the analysis and synthesis filter banks at one scale using separable filters. One QMF allpass pair can be used to realise the 1 -D transfer functions
. Filtering occurs in two stages: first along rows then along columns producing four subbands.
For a multi -scale wavelet transform, this filter block can be iterated producin g the decomposition shown in Figure  6 [3] . Synthesis is the inverse of analysis as shown in Figure 5 . Note that
. For the technique to work successfully, the states of the various analysis filters must be stored for use in the synthesis stage [4] . The outputs from the analysis filter bank (wavelet coefficients and states) are quantized to a certain number of bits. Each sub band will have a different quantization step size in general. It is known that there is more energy in the lowpass residue so that more bits will be required in that subband. We measure the entropy in each subband using Shannon's
where N is the total number of distinct coefficient values. A weighted average of the entropies of the subbands is then taken. The units are bits per pixel. The synthesis filterbank is then used to find the resulting image.
Image quality is measured using the peak signal -to-noise ratio (PSNR) defined as follows, for an N M × image: 
expressed in decibels, where P is the maximum value for a pixel, i.e. 255 for 8 -bit precision. This procedure is repeated for different subband quantization schemes to yield the rate-distortion curve of Figure 7 for the standard Lena image . It can be seen that at low compression rates, i.e. less than 1 bit/pixel there is nothing more th an 1 or 2 dB between the results for FIR a nd those for IIR allpass filters. In practice the differences would not be perceptable. In some cases, t he allpass -based decomposition using filters of much lower order than their FIR counterparts, for example a 3 rd order design has only 2 coefficients per filter-pair. In addition, in the pr oposed design method, these coefficients would have the same numerical value. Figure 8: Rate-distortion curves for wavelet decomposition of Lena using IIR allpass filters (diamond symmetry).
